Abstract After cortical injury resulting from stroke, some recovery can occur and may involve spared areas of the cerebral cortex reorganizing to assume functions previously controlled by the damaged cortical areas. No studies have specifically assessed gene expression changes in remote neurons with axonal processes that terminate in the infarcted tissue, i.e., the subset of neurons most likely to be involved in regenerative processes. By physiologically identifying the primary motor area controlling forelimb function in adult rats (caudal forelimb area = CFA), and injecting a retrograde tract-tracer, we labeled neurons within the non-primary motor cortex (rostral forelimb area = RFA) that project to CFA. Then, 7 days after a CFA infarct (n = 6), we used laser capture microdissection techniques to harvest labeled neurons in RFA. Healthy, uninjured rats served as controls (n = 6). Biological interactions and functions of gene profiling were investigated by Affymetrix Microarray, and Ingenuity Pathway Analysis. A total of 143 up-and 128 down-regulated genes showed significant changes (fold change C1.3 and p \ 0.05). The canonical pathway, ''Axonal Guidance Signaling,'' was overrepresented (p value = 0.002). Significantly overrepresented functions included: branching of neurites, organization of cytoskeleton, dendritic growth and branching, organization of cytoplasm, guidance of neurites, development of cellular protrusions, density of dendritic spines, and shape change (p = 0.000151-0.0487). As previous studies have shown that spared motor areas are important in recovery following injury to the primary motor area, the results suggest that these gene expression changes in remote, interconnected neurons may underlie reorganization and recovery mechanisms.
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Introduction
Stroke affects 795,000 individuals in the US, and over 15 million individuals worldwide each year, making stroke one of the major causes of adult disability [1, 2] . Some recovery can occur and may be related to plasticity in spared areas of the brain, presumably to assume functions that were previously controlled by the destroyed areas, a process known as vicariation. Evidence for functional plasticity in spared cortical areas has been found in periinfarct cortex in both sensory and motor cortex in humans [3] , monkeys [4, 5] , and rodents [6, 7] . It is widely recognized that plasticity in spared brain areas is correlated with behavioral improvement after cortical infarct, but the underlying mechanisms are still unclear [8] .
Gene expression changes have been reported in tissue homogenate and sprouting neurons within the peri-infarct region [9, 10] . A cortical infarct induces sequential waves of growth-inhibitory and growth-promoting genes associated with neuron-, glia-and extracellular matrix-associated molecules over a period lasting at least a month [6] . This pattern involves decreases in some inhibitory molecules, and increases in growth-associated genes suggested to support the anatomical reorganization [11] . Thus, periinfarct tissue is likely to be a locus for regenerative processes, and it is now clear that neurophysiological reorganization in peri-infarct cortex is directly related to behavioral recovery [12] .
While most studies of gene expression changes after ischemic injury have focused on the peri-infarct cortex, it is now known that neurophysiological and neuroanatomical plasticity occurs in many regions of the cortex that are spared by the ischemic injury, but remote from it. In particular, intact cortical areas that are functionally related to the area of injury, and anatomically connected to it via axonal connections, are altered. For example, after motor cortex injury in the rat, the motor cortex in the spared hemisphere undergoes a time-dependent process of dendritic arborization and synaptogenesis [13] . Gene expression studies in the contralateral (intact) hemisphere have been limited to a single study of tissue homogenates and neurons connected to spinal cord (not the cortical lesion) [14, 15] . These studies demonstrated molecular changes that were suggested to be supportive of anatomical reorganization.
It has also been suggested that functionally related areas that are spared by the ischemic injury within the injured hemisphere and that have anatomical connections with the injury zone also undergo neurophysiological and anatomical plasticity. For example, after injury to motor cortex, premotor cortex, although remote from the direct damage of the ischemic infarct and penumbra, can also undergo neuroanatomical and neurophysiological plasticity. In human stroke survivors, finger movements of the impaired limb are associated with increased blood flow in premotor areas [16] . Further, after an infarct in primary motor cortex in non-human primates, the ventral premotor cortex (PMv), an area whose principal output target is the primary motor cortex, undergoes neurophysiological reorganization that is correlated with behavioral recovery [5] . The PMv also undergoes neuroanatomical reorganization, sending new axonal terminations into the parietal cortex [17] . In addition, neurons in PMv undergo molecular changes as demonstrated by immunohistochemical studies [18, 19] . In both mice and rats, anatomical reorganization in spared areas distant from the lesion has been well documented [10, 15] . There is indirect evidence that functional recovery may be mediated by plasticity in spared areas, since treatments that increase sprouting improve behavioral outcomes [15, 20] .
Though functionally related and neuroanatomically interconnected areas likely play a role in recovery of function, little is known about the concomitant molecular program that occurs in spared, remote, neuronal populations that may trigger and orchestrate axonal sprouting and neurophysiological reorganization. The present study is unique in that it selectively identifies and characterizes the gene expression changes in neurons that send axonal connections to a focal infarct core in a remote area of cortex. We have developed a model of ischemic injury in rats that specifically targets the primary motor cortex, sparing the premotor cortex that normally has reciprocal connections with primary motor cortex [21] . In rodents, the homolog of the primate primary motor cortex is the caudal forelimb area (CFA), while the premotor equivalent is the rostral forelimb area (RFA). RFA is important for recovery, as secondary lesions to the RFA after CFA lesions reinstate behavioral deficits after recovery [22] .
The goals of the present study were accomplished by physiologically identifying the forelimb representation in the CFA of adult rats, then labeling neuronal somata projecting to the CFA by injection of a retrograde tracer, next creating an ischemic lesion in the CFA, then finally, harvesting labeled neurons within the RFA 7 days after the infarct using laser capture microdissection. The 7-day postinfarct time point represents the onset of an ''initiation phase'', in which growth-promoting molecules are thought to be initially increased [9] . Gene expression patterns were then determined using Affymetrix Microarray analysis. Ingenuity Pathway Analysis software was used to further understand the biological significance. The resulting expression changes are consistent with the hypothesis that neurons in the RFA undergo neuroanatomical reorganization by involvement of specific genes associated with axonal growth, and guidance. These data help to elucidate the genetic response to infarct in interconnected neurons, and may eventually provide potential targets for regenerative therapy.
Materials and methods

Subjects
Long-Evans hooded rats (n = 14; 270-470 g; 3-6 months of age; Harlan, Indianapolis, IN) were singly housed in a temperature-controlled room on a 12 h:12 h light:dark cycle, with ad libitum access to food and water. Animal use was approved by the Institutional Animal Care and Use Committee of the University of Kansas Medical Center. Animals were randomly assigned to lesion (n = 7) and control (n = 7) groups.
Surgical procedure I: neurophysiological identification of CFA and retrograde tracer injection
Surgical preparation
After sedation with isoflurane, each rat was anesthetized with ketamine (100-80 mg/kg IP) and xylazine (30 mg/kg IM). The rat was placed in a stereotaxic frame, a local anesthetic (Bupivacaine, 2.5 mg) was applied to the scalp, the scalp was incised and reflected, muscles attached to the temporal ridge and occipital ridge were released, the dura overlying the cisterna magna incised to relieve cerebrospinal fluid pressure, and a craniotomy performed using a hand drill with a burr bit from ?5 to -4 mm relative to bregma and from 1-mm lateral of the sagittal suture to the temporal ridge. Anesthesia was maintained with supplemental doses of ketamine (20 mg/kg IM), as needed, and temperature held constant with a homeothermic blanket system at physiological normal. Core temperature was monitored with a rectal probe. The dura was reflected and warm, sterile silicone oil was applied to the craniotomy to aid in visualization and to prevent desiccation of the cortex.
Neurophysiological mapping procedure
The CFA was identified in each animal by intracortical microstimulation (ICMS) mapping techniques as described in previous publications [23] . A magnified digital image of the cortical surface vasculature was obtained and a grid pattern (250 lm) overlaid with image processing software (Canvas, Deneba Software, Miami, FL). The microelectrode, a tapered and beveled glass micropipette (20 lm outside diameter at the tip) filled with concentrated NaCl solution (3.5 M), was advanced perpendicular to the cortical surface (1,725 lm subpial depth) with the aid of a hydraulic microdrive (650 Micropositioner, David Kopf Instruments, Tujunga, CA) at sites corresponding to every other grid intersection (500 lm resolution), or when necessary, every grid intersection (250 lm resolution), to accurately delineate the CFA/RFA boarder. The stimulus consisted of a 40-ms duration train of 13 monophasic cathodal pulses (200 ls duration) at 350 Hz delivered one per second from an electrically isolated, charge-balanced, constant-current stimulation circuit (BSI-2, Bak Electronics Inc, Mount Airy, MD). The current was increased from 0 to 80lA until a movement was just visible from at least 50 % of the train bursts, then movement type and minimum current required to evoke the movement were recorded. The site was recorded as ''nonresponsive'' if no movement was elicited before reaching the maximum current level (80 lA). The 500-lm resolution grid used in these experiments was adequate to delineate the borders of the CFA for defining the location for the tracer injection and the extent of the intended lesion (see ''Surgical procedure II: cortical infarct'').
Retrograde tracer injection
After delineating the CFA borders, the rostral half of CFA was injected with a retrograde neuronal tracer, cholera toxin beta subunit conjugated to AlexaFluor 647 (CTB-647, 5 lg/lL in 0.9 % sterile saline, C34778, Invitrogen, Grand Island, NY). CTB647 leaves a residual blue mark on the cortical surface that is identifiable upon reopening. Preliminary experiments determined that the synaptic terminal field from RFA was most dense in this subregion (unpublished observations and see [21] ). The tracer was delivered by pressure injection from a tapered glass micropipette (70 lm outside diameter) secured with wax to a 1-lL Hamilton syringe (80100, Hamilton Company, Reno, NV). The syringe plunger was actuated by a microinjector (Micro4, World Precision Instruments, Sarasota, FL) clamped to a hydraulic microdrive on a stereotaxic arm. Each animal received injections at two sites 1 mm apart within the CFA. At each site, 75 nL (5 nL/s) of tracer was injected at each of two depths (1,500 and 1,250 lm below the pial surface), for a total of 150 nL at each site.
Surgical closing and recovery
Following the procedures described above, the craniotomy was rinsed with sterile physiological saline. A silicone sheet was placed over the craniotomy followed by gel-foam and dental acrylic to form a protective cap. The scalp was sutured, followed by Bupivacaine (2.5 mg, topical), and Vetropolylycine gel (topical antibiotic). Animals were monitored until alert and active, and then returned to their home cage.
Surgical procedure II: cortical infarct Animals in the lesion group underwent a second surgical procedure 14 days after Surgical Procedure I (ICMS and tracer injection). The 14-day interval allowed sufficient time for the tracer to be retrogradely transported to the parent somata in RFA, where it remains for later identification. Animals in the control group did not undergo a second procedure. General surgical procedures discussed above were followed, except that the cortex was re-exposed by removing the protective cap from the first procedure without the need for further craniotomy. After re-exposing the cortex, a tapered glass micropipette (160 lm outside diameter) was secured with wax to a 2-lL Hamilton syringe filled with the vasoconstrictor, endothelin-1 (ET-1, 0.33 mg/mL 0.9 % sterile saline, H-6995, Bachem Americas, Inc, Torrance, CA), and attached to a microinjector clamped to a microdrive on a stereotaxic arm. The residual blue mark of the tracer injections (visible on the cortex) and blood vessel patterns photographed from Procedure I were used to guide injection placement. The majority of the CFA representation was targeted for ischemic injury. The size of the CFA determined the number of ET-1 injection sites (2-5). The micropipette tip was lowered to 1,500 lm below the pial surface, perpendicular to the cortex. At each injection site, ET-1 was delivered at 5 nL/s in three 110 nL boluses with a 1-min delay between boluses, and a 5-min delay before tip extraction. During the injections and delay times, the craniotomy was flushed constantly with sterile saline to prevent non-specific spread of ET-1. At the conclusion of the ET-1 injections, rats underwent the Surgical closing and recovery procedure described above.
Tissue harvest and laser capture microdissection (LCM) Seven days after Surgical Procedure II (or an equivalent time period in control rats), rats were anesthetized with isoflurane and ketamine (45 mg IP), then decapitated by guillotine in accordance with American Veterinary Medicine Association Guidelines on Euthanasia. The brain was extracted and flash frozen for 30 s in heptane (on dry ice for 5 min) and stored in a -80°C freezer until sectioning. After a 30-min equilibration time, brains were sectioned in the coronal plane on a cryostat at 14 lm. Sections were cut rostral to caudal beginning at the rostral pole until the tracer injection cores in the CFA were contacted. At 7 days post-lesion the CTB647 injection cores were still visible to the unaided eye within the translucent lesion of lesion animals, or opaque tissue of the control animals. Then, after a series of seven sections were cut, four sections were thaw mounted to charged slides and three sections discarded. Four sections per slide proved to be the optimal number of sections for LCM collection (Arcturus Veritas, Applied Biosystems, Carlsbad, CA). In lesion animals, in order to obtain an accurate measure of the lesion volume, two serial sections were taken at 504-lm intervals (every 36 sections) throughout the extent of the lesion. Slides were returned to dry ice within 20 s of thaw mounting to preserve Ribonucleic acid (RNA) integrity, and stored in a -80°C freezer until the LCM procedure.
Given the time-dependent nature of RNA degradation, only one slide at a time was processed for LCM. Each slide at the level of the RFA was removed from dry ice and dehydrated by an increasing alcohol gradient and xylenes for clearing. The procedure was slightly modified from protocols available from Arcturus (Applied Biosystems). Briefly, each slide was exposed to 75 % ethanol (30 s), water (30 s), 75 % ethanol (30 s), 95 % ethanol (30 s), 100 % ethanol (2 9 2 min), and xylene (5 min). The slide was placed in the LCM along with Macro collection caps (Arcturus, Applied Biosystems). Sections were viewed under fluorescent illumination to identify retrogradely labeled somata at the level of the RFA [21, 23] . After test firing, the infrared laser settings were adjusted to produce a collection spot of 32 lm in diameter. Standard laser settings were used, but power varied from 35 to 90 mW, as needed, to produce a collection spot of 30 lm. Within 2 h of dehydration, 100-500 cells were collected per cap to prevent overloading. The cap was inserted into a microcentrifuge tube and exposed to PicoPure RNA extraction buffer (30 min at 42°C, Arcturus, Applied Biosystems). This process was repeated with as many slides as was necessary until 28 ng of purified RNA (*1,900 cells) was collected from each animal. Extracted RNA was stored at -80°C until RNA isolation.
RNA sample preparation and Affymetrix Microarray procedures
A PicoPure (Arcturus, Applied Biosystems) on-column RNA isolation kit was used per manufacturer's instructions, along with the DNase I (Qiagen, Valencia, CA) treatment to eliminate DNA contamination, and RNA quality was assessed by Agilent 2100 Bioanalyzer with a RNA 6000 Pico LabChip kit (Agilent Technologies, Santa Clara, CA). Only samples with RNA Integrity Numbers (RINs) of 7 or above were considered of acceptable quality for microarray assay. RIN is calculated with a proprietary algorithm (www.chem.agilent.com), which takes into account the entire electrophoretic trace of the Pico LabChip. Total RNA (*28 ng, 1,500 cells) from each animal was amplified twice according to Affymetrix Small Sample Labeling protocol: reverse transcription with Superscript II (SuperScript Choice System, Invitrogen), in vitro transcription (IVT) with MEGAscript T7 kit (Ambion, Invitrogen) including T7(dT)24 primer (5 0 -GGCCAGT GAATTGTAATACGACTCACTATAGGGAGGCGGTT TTTTTTTTTTTTTTTTTTTTTT-3 0 ) for 1st and random primers for 2nd round IVT, cDNA cleanup through ethanol precipitation, cRNA cleanup with Qiagen RNeasy columns, and GeneChip Expression 3 0 -Amplification IVT Labeling kit (Affymetrix, Santa Clara, CA) for the last round of IVT and biotin labeling. Biotinylated-cRNA was fragmented (buffer: 200 mM Tris-Acetate, pH 8.1, 500 mM potassium acetate, 150 mM magnesium acetate), and average fragment length was assessed by RNA 6000 Nano LabChip kit (Agilent). Affymetrix GeneChip Rat Genome 230 2.0 Arrays (Affymetrix Cat. No.: 900506) were hybridized, washed and stained using GeneChip Fluidics Station 450 (Affymetrix) under the Standard Array Format. The automated scanning process (Affymetrix GeneChip Scanner 3000 7G with autoloader) completed one scan for each array using standard settings for pixel value (3 lm), and wavelength (570 nm). Absolute and comparison analysis was performed with the target signal scaled to 500 with a normalization factor of 1 (no normalization).
Microarray data and gene pathway analysis
Probe intensities from microarrays were background corrected, quantile normalized and summarized using Robust Multi-array Averaging (RMA, Partek Genomic Suite 6.4, Partek Incorporated, St Louis, MO) [24] . The resulting log (base2) transformed intensity values were used for quality control and further analysis. Probe-level fold changes were obtained by taking the exponentiation of the linear contrast between the least square means of the 7-day control and 7-day lesion samples. The significance of these fold changes was calculated using a two-way mixed model ANOVA. Apart from the treatment effect; the day each array was hybridized was included as a random effect in the ANOVA model.
Interaction networks, functions, and canonical pathways were developed using Ingenuity Pathway Analysis (IPA, version 7.6, Ingenuity Systems, Redwood City, CA), an online software that uses a curated database of genes, proteins, chemicals, drugs, and molecular relationships to build biological models. The significance of the interaction networks, functions, and canonical pathways were determined by the right-tailed Fisher's Exact test which measures the significance of the number of genes common to both the input gene set and the particular network, function, or canonical pathway. The significance p values of networks were adjusted for multiple hypotheses testing using the Benjamani-Hochberg correction procedure.
Lesion volume estimation
At 504-lm intervals during ''Tissue Harvest,'' described above, two coronal sections (14 lm) were thaw mounted to charged slides for lesion volume estimation (see ''Tissue harvest and laser capture microdissection''). The following procedure occurred on slides with a hydrophobic barrier created by PAP pen (SuperHT, Research Products International Corp., Mount Prospect, IL). After washing in trisbuffered saline (TBS), sections were incubated overnight at 4°C, and slowly agitated in 0.05 M TBS containing 5 % Donor Goat Serum (Equitech-Bio, Inc, Kerrville, TX), 0.4 % Triton X-100, and 1:1,000 dilution of biotinylated mouse monoclonal anti-Neuronal Nuclei (NeuN) antibody (MAB377B, Chemicon, Temecula, CA). Sections were rinsed in 0.05 M TBS, incubated for 3 h at room temperature in Avidin-Biotin Complex solution (ABC, PK-6100, Vector Laboratories, Burlingame, CA), rinsed in 0.05 M TBS, and incubated in Vector SG Substrate Solution (SK-4700, Vector Laboratories) until visually acceptable background was evident (2-7 min). Sections were rinsed in 0.05 M TBS, then dried, dehydrated, and coverslipped with DPX mounting medium (Sigma-Aldrich, St Louis, MO). An Axioplan 2 microscope (Zeiss, Thornwood, NY) was used with Stereo Investigator software (Microbrightfield, Williston, VT) and Cavalieri probe to estimate the lesion size in four animals' cortical areas (dorsal to the corpus callosum on coronal sections) containing presumed neurons (NeuN-positive cells) were selected as normal tissue, while cortical areas containing light or no NeuN staining were selected as infarcted tissue. Although the lesion was complete at 7 days post-infarct, the cortical tissue was not cavitated, allowing for the lesion to be traced and calculated directly. Every 36th section (504 lm apart) was analyzed and only sections with a visible lesion were included in the probe. Lesion area from each section was multiplied by section thickness and distance between sections to calculate the lesion volume. Mean and standard error of the mean for lesion volume were calculated for four animals (SPSS, IBM, Armonk, NY).
Results
Description of lesion
Based on ICMS results (Fig. 1c) , the CFA was found in a location similar to that of previous reports [21] . The lesion was similar in size compared with previous results using identical Endothelin-1 infarct procedures [25] . The ET-1 injections resulted in a continuous area of neuronal death, as judged by NeuN staining, and extended through all six cortical layers throughout the CFA. There was no evidence of damage to the corpus callosum or underlying subcortical structures. As expected, no cavitation was observed at this 7-day post-lesion time point, so lesion volume was calculated directly by measuring the area of the lesion on coronal sections at 500-lm intervals and multiplying by the section thickness and section interval (Cavalieri Probe, Microbrightfield). The lesion volume was 12 mm 3 ± 1.7 mm 3 (mean ± SEM; n = 4 brains available for lesion volume estimation). Fourteen animals received surgical procedures. Of these, one control animal was found to have cortical damage and one lesion animal was found to have subcortical damage, and were excluded from the study.
Neuronal harvesting
In vivo labeling of neurons with CTB647 allowed for identification of neuronal somata that terminated in the infarcted area, as described in ''Materials and methods''.
Approximately 1,900 somata per animal were targeted for collection during the LCM procedure ( Fig. 2a-d) RNA quality analysis
After RNA extraction and isolation from each section, purity was assayed with RNA 6000 Nano LabChip kit, and only samples with RINs of 7 or above were used for further analysis (Fig. 2e, f) . The entire electropherogram was taken into account in the proprietary RIN calculation (Agilent), although with high quality samples, the characteristic sharp bands of 18 and 28S can be seen (Fig. 2e, f) . RNA from neurons collected from a single animal was run on its own microarray (n = 12). After background correction, quantile normalization and summarization with RMA analysis (Partek Genomic Suite 6.4), log (base2) expression values were compared between microarrays to assess quality [24] . It is generally assumed that expression b Photomicrograph of exposed rat cortex taken through surgical microscope optics (918 magnification) and overlaid with a 250 9 250 lm grid (grid is removed for clarity) in image processing software (Canvas; ACDSee, Victoria, British Columbia, Canada). The ICMS electrode was inserted at grid intersections, stimulation elicited movements (black dots) of the forelimb, and non-forelimb defined the borders of CFA (yellow line) and caudal portion of RFA (green line), and allow for accurate placement of CTB647 (red circle). Blood vessel patterns, ICMS data recorded on the surgical photograph and visible blue of dye core guided placement of ET-1 injection (purple circle) 2 weeks after ICMS/tracer procedure, completely overlapping the CTB647 injection. Medial (M) and rostral (R) directions are the same in a, b. Bar is 1 mm. c Coronal section tracing series (drawn at 95 magnification) of lesion size and location (gray). Lesion volume per ET-1 injection (12 ± 1.7 mm 3 SEM) was determined using Stereoinvestigator (Microbrightfield) on coronal sections labeled with biotinylated NeuN immunohistochemistry, numbers represent section distance from Bregma (Paxinos and Watson [78] ). Bar is 3 mm changes between groups are a small percentage of those assayed, and most gene expression remains the same. The quality control assessment showed gene expression similarity between chips: the frequency histogram shows overlap, and log probe cell intensity and log expression signal graphs show similarity of mean and quartile signal characteristics of control (red) and lesion (blue) microarrays. The Pearson's correlation showed a correlation of[0.883 for all arrays (Fig. 3 ) after MAS5 analysis (Partek).
Differential gene expression at 7 days post-infarct compared with controls was determined by mixed model ANOVA after RMA analysis. A total of 237 genes were significantly up-regulated and 357 genes were significantly down-regulated (p \ 0.05). Of the 271 genes whose expression changed C1.3-fold (p \ 0.05), 143 were upregulated and 128 were down-regulated. These genes included ion channels (Clic3, Glrb), receptors (Trem2, Oprk1), enzymes (Gpam, Neu2), and transcription regulators (Creg1, Pou3f1) ( Tables 1, 2 ).
Canonical pathways analysis
Gene products of significantly differentially expressed genes (p \ 0.05, C1.3-fold change) were fit to known ''canonical'' pathways developed with a curated gene database (IPA analysis software). Significance of overrepresentation was determined by right-tailed Fisher's Exact test. The canonical pathway, ''Axonal Guidance Signaling,'' was differentially regulated (-log(p value) = 2.68). The pathway involved 14 significantly regulated genes from the current data set. The differentially regulated genes were: Actr2, Pxn, Bmp4, Rras, Wnt9a, Rock2, Ntng1, Pak1, Tubb2c, Gng11, Ntrk2, Ppp3r1, Sema4b, and Bmp1 (Table 3) .
Gene function analysis
Genes with significant differential regulation (p \ 0.05, C1.3-fold change) were also significantly overrepresented in several biological processes, determined with the righttailed Fisher's exact test with a Benjamini-Hochberg correction (IPA analysis software). Although some genes were included in multiple categories, 220 unique genes were fit to overrepresented functional categories, which were reduced to 186 after the Benjamini-Hochberg correction. ''Neurological Disease,'' ''Cell-to-cell Signaling and Interaction,'' and ''Nervous System Development and Function'' were among the top categories dysregulated (Fig. 4) The function of ''Synaptic Transmission'' (p = 0.0229) included: ApoE, Cd24, Chrm3, Gabrd, Glrb, Kcnd2, Nlgn2, Npy5r, Oprk1, Pcdhb6, Rasd2, Slc1a3, and Slc5a7. Interestingly, the function, ''Rheumatic Disease'' was overrepresented with 50 differentially expressed genes (p = 0.0113), and included the up-regulated genes, Rgs5, Tubb2c, Timp3, Klhl5, Ahi1, Bmp4, Tcf12, and Hla-Dqa1, and the down-regulated genes Lypd6b, Oprk1, Scn4b, Mycbp2, Kcns3, and Znf385b.
Gene-gene interactions network analysis
Genes up-or down-regulated C1.39 and p \ 0.05 were further analyzed for gene product interactions. The most dysregulated genes were used as ''seed'' molecules and other molecules with known interactions were added to form networks of interaction, in accordance with a curated Those genes in the ''Axonal Guidance Signaling'' pathway with C1.5-fold changes and p value \0.05 were further analyzed for interactions. IPA software identified several potential interactions using the significant genes involved in the pathway and genes from its curated knowledge base. Network 4 (Fig. 5) shows GNG11 interacting with BMP4 through RGS19 and TUBB2C through NOTCH1. TUBB2C can also interact with GNG11 through TUBA1A, and BMP4 through MYD88, SMURF1, and BMP receptors 1A or1B. SEMA4B can interact with TBB2C through DLG4 and SYT1, and BMP4 through DLG4 and EZH2.
Discussion
The injured brain is no longer seen as an uninjured brain with a missing puzzle piece [8] . An ischemic infarct instigates an array of molecular, physiologic, and anatomical changes in spared areas of the adult CNS [10, 17, 18] . Surviving areas play a role in recovery from CNS damage, but little has been done to understand the mechanisms underlying neural plasticity at the level of gene expression. While hypoxia in the ischemic territory and surrounding penumbra undoubtedly results in gene-associated changes in a host of cell types, including neurons, glia, astrocytes and endothelial cells, the signaling pathways may be very different in remote tissue that is far removed from the hypoxic zone. Neuronal somata located in remote areas, in particular, may be triggered to initiate growth processes, since many of them send axonal arbors into the ischemic territories, where they normally form synaptic connections. This study was designed to isolate such remote neurons that have known terminations in an ischemic territory, and determine their differential gene expression changes.
The results demonstrated that 143 genes were upregulated and 128 genes were down-regulated at 7 days post-infarct. IPA analysis revealed potential biological interactions of gene products from significant genes and found several canonical pathways that were overrepresented in the dataset, ''Axonal Guidance Signaling'' was the most overrepresented. IPA also identified the overrepresented functions of ''Branching of Neurites'', ''Organization of Cytoskeleton'', ''Dendritic Growth and Branching'', ''Organization of Cytoplasm'', ''Guidance of Neurites'', ''Development of Cellular Protrusions'', ''Density of Dendritic Spines'', and ''Shape Change,'' which involved 50 genes. Putative networks of interaction were also developed with IPA involving highly dysregulated genes as nodes. Those genes in the ''Axonal Guidance Signaling'' pathway with C1.5-fold change and p value \ 0.05 were included in a second analysis and fit to their own interaction networks. These analyses add to the known functions of the current study's significant genes, showing possible biological relevance. Taken together, these data add credence to the idea that neurons in remote areas that are anatomically connected to an ischemic territory may initiate growth and guidance signaling pathways, presumably in an attempt to reorganize. This process appears to be in place at 7 days after infarct.
Relevance of the current model
Our lesion model is the first to study gene expression in a neuronal population located in an anatomically identified premotor area after a primary motor cortex injury. After Neafsey and Sievert identified the RFA as a non-primary motor area, Rouiller further defined its general pattern of connectivity and its relationship to the primary motor, subcortical and sensory areas [21, 26] . The rodent RFA is a premotor area, as classically defined, since it contains a forelimb representation distinct from the primary motor cortex (CFA), its principal target of efferent fibers in the 1.00 2.00 3.00 0.00 1.00 2.00 3.00 Fig. 4 Canonical pathways and function categories involving significantly regulated genes from interconnected neurons 7 days postinfarct. a Significantly regulated genes (p \ 0.05 and above C1.3-fold change) were analyzed for interaction of their gene products and fit to canonical pathways developed with a curated gene database using Fisher's Exact test (IPA software) to determine the probability of the same result when choosing genes at random. The length for each canonical pathway or function (blue box) is the negative log of the p value, and is significant if it extends to the right of the orange threshold line (-log(p B 0.05)). Fisher's Exact test accounts for the number of uploaded genes, genes in the reference set, genes in the pathway and uploaded genes in the pathway. ''Axonal Guidance Singnaling'', has a -log(p) = 2.86. b Significantly regulated genes (p \ 0.05 and above C1.3-fold change) were analyzed for overrepresented biological functions involving their gene products in accordance with a curated gene database using Fisher's Exact test (IPA software) to determine the probability of the function being overrepresented when choosing genes at random. Box length and threshold line are the same as in a cortex is to the primary motor cortex, and it contains neurons that project directly to the spinal cord via the corticospinal tract. Both CFA and RFA are involved in function of the forelimb in intact animals, and both can be identified in vivo by the presence of movements evoked by ICMS at low current levels. The RFA is important to behavioral recovery when CFA is injured. After a lesion to CFA and subsequent functional recovery over a period of 5 weeks, a secondary lesion in RFA leads to reinstatement of the deficits, even though a lesion to RFA in otherwise normal rats does not induce significant impairments [22] . In different rat models of cortical infarct, increased recovery of function has been correlated with treatments that increase anatomical sprouting [15, 20] . Also, after a primary motor cortex lesion in nonhuman primates, the ventral premotor area (PMv), which shares structural and functional similarities to RFA, undergoes physiological reorganization that is proportional to the size of the lesion [5] . In addition, neurons in PMv undergo axonal reorganization that results in trajectory alteration and formation of synaptic contacts in completely new territories in the parietal lobe [17] . Fig. 5 Interaction networks of significantly regulated genes from interconnected neurons 7 days post-infarct. a-c Significantly regulated genes (p \ 0.05 and above C1.3-fold change) were analyzed for interactions of their gene products using Fisher's Exact test (IPA software) to determine the probability of the same interaction network occurring after choosing genes at random, interactions significant at p \ 0.05. d, e Show the reanalysis to detect interactions between genes in the ''Axonal Guidance Signaling'' pathway, which have C1.5-fold change and p value \0.05. a-e Upregulated (red) and down-regulated (green) genes interact directly (solid line) or indirectly (dotted line). Genes (p \ 0.05) not meeting the fold change cutoff (gray), and genes not present in the uploaded gene set (white) were only included in the interaction networks, if the gene was required as a necessary intermediary between two significant genes Mol Cell Biochem (2012) 369:267-286 279
The current study adds to earlier findings by identifying a specific neuronal population that is connected to an infarcted area. LCM was used to provide a more specific picture of the gene expression changes in identified neurons from this area after ischemia compared to neurons from non-infarcted animals. While LCM is not completely selective, and closely apposed cell fragments and neuropil are also collected, the collected RNA is concentrated with neuronal signal. This is the first model to selectively acquire neurons interconnected to an area that is destined for infarction. Though Li et al. [10] used LCM and double retrograde labeling to selectively acquire sprouting neurons in peri-infarct cortex, the study was focused on a specific population of neurons that sprouted after the infarct, rather than a more remote population of neurons that were connected to the infarct core prior to injury, as in the present study. It is possible that the harvested neurons in the Li et al. study displayed somewhat different expression patterns since they were likely within a hypoxic territory. By identifying the areas targeted for infarct physiologically with ICMS, retrogradely labeling the RFA neurons, and employing LCM at the level of the RFA, we have produced a more specific picture of gene expression changes in RFA neurons after CFA ischemic infarct.
Relevance of gene expression changes after brain injury
Although initially thought to be a recapitulation of developmental gene expression, the brain's response to injury, such as occurs in stroke, is now seen in a broader context, including regulation of a similar set of genes to those involved in development, as well as genes specific to neuronal response to injury [27] . Studies in peri-infarct cortex show up-and down-regulation of both developmentally and non-developmentally associated genes that are both neuronal and non-neuronal in origin [9] . Extensions of this work found gene expression differences specifically in sprouting neurons that were not strictly developmental in nature. Notably, these studies revealed changes in the expression of some novel genes not known to be associated with axonal sprouting after ischemic infarct [10] .
Likewise, the present study, which examined specific neuronal populations well outside of the peri-infarct, and presumably hypoxic, territory, found up-and down-regulation of both developmentally and non-developmentally associated genes. While gene expression changes were characterized at a single time point after infarct (7 days), it important to note that there is a complex temporal profile of gene regulation over time [9] . Seven days was chosen in this study because it represents the beginning of an initiation phase of growth promotion. However, future studies will be important to address other time points to establish a more complete temporal profile of neuron-specific gene expression during trigger, initiation, maintenance, and termination phases.
The importance of understanding the temporal profile of gene expression changes after brain injury is related to the potential for identifying specific targets for therapeutic development. It may be possible to induce adaptive changes in neuronal connections by triggering one or more of the identified pathways at specific time points after injury. Likewise, in the future, it will be critical to understand how various rehabilitative therapies affect both growth-promoting and growth-inhibiting molecules. Such neuronspecific gene expression studies may be used for the development of surrogate markers of recovery.
Genes regulated in current study
The genes most differentially regulated in the current study can be grouped into several categories, based on their presumed function, including nervous system development, neuroprotection, apoptosis, axonal growth and guidance, and several genes that have not been associated with ischemia previously. There were also genes with expression profiles that were counterintuitive to expectations.
Development
Regulation of developmentally associated genes after focal cortical infarct is consistent with the findings of other studies involving neuronal gene expression in vivo. Northern blot analysis of E13 and newborn mice showed increased expression of fibulin 2 (Fbln2, ?2.26-fold change in the current study) in certain ganglia and embryonic spinal cord, suggesting a role in motor neuron development [28] . Tripartite motif containing 54 (Trim54, -1.503-fold change in the current experiment) an E3 ubiquitin ligase is not significantly expressed before birth, and knockdown perturbs tubulin dynamics and disrupts ordered Z and M bands in cardiac development [29] . Chondrolectin (Chodl, -1.533-fold change in the current experiment) a type I transmembrane protein is important in development, proliferation, and differentiation of a myoblastic cell line and maturation of T-cells in mice [30] [31] [32] . Chodl was also localized to cholinergic, fast motor neurons in spinal cord with in situ hybridization and in the brain of adult mice with Southern blot [31, 33] . Cellular repressor of E1A-stimulated genes 1 (Creg1, ?1.96-fold change in the current study), a secreted glycoprotein, is suggested to have a role in development of the mouse brain, due to its differential gene expression and protein concentration pattern [34] . CREG1 enhances differentiation, reduces proliferation, and its RNA is present in adult mouse brain [35] . Other genes, discussed in different categories below, are also involved in neuronal development. Nnat is an imprinted gene important in hindbrain development [36] , Oprk1 is involved in EGF-stimulated spinal cord development [37] , Mycbp2 is involved in retinocollicular targeting [38] , while thyroid hormone partially regulates brain development through Cd44 [39] . Finally, Sema4b is important for the developing cerebellum [40] , and Bmp1 [41] and Bmp4 [42] are involved in dorsal/ventral patterning of the embryo. These genes are differentially expressed during neuronal development, and are differentially expressed in the same direction after CNS injury in adult rat, which is consistent with a return to a previous developmental state.
Carmichael et al. [9] found that although developmentally related genes in peri-infarct tissue were differentially expressed after cortical infarct, the expression pattern included genes not reported with development and the authors suggested that regeneration displays a unique pattern of expression. Likewise, the current study found genes not typically associated with development, but involved in regeneration. For example, Tubb2c increases neurite sprouting [43, 44] , while Gng11 regulates senescence [45] . Scn4b up-regulation increases neuroblastoma cell neurite extension and dendritic spine density in hippocampal primary neuron cultures [46] , while Dennd4c is a guanine exchange factor [47] . The differential regulation of genes in the current study associated with neuronal development as well as unique regenerative genes may suggest axonal regeneration is taking place in RFA neurons.
Neuroprotection
Regulation of a gene thought to be involved in neuroprotection was also found. Knockdown of sodium channel, voltage-gated, type IV, beta (Scn4b, -1.72-fold change in the current study) has been shown to decrease the resurgent firing in cultured cerebellar granule neurons [48] . Preventing resurgent firing may provide protection from excitotoxic injury in neurons reciprocally connected to an area undergoing anoxic depolarizations, as in our model, and thus, its down-regulation in the current model may be neuroprotective. Its role in development has yet to be investigated [49] .
Apoptosis
Apoptosis-related gene expression changes also were detected in the current study. In a model of middle cerebral artery (MCA) occlusion, intracortical ET-1 injection near the MCA leads to hypoperfusion of the cortex for 16-22 h [50] . After 2 h of transient or permanent MCA occlusion, cell death in the penumbra and ischemic core was the same for 2 h of transient or permanent MCA occlusion [51] . Although the time course of apoptosis and necrosis is unknown in our model, the potentially long lasting effects of ET-1 make more probable the comparison between our model and other focal lesions. Neuronal apoptosis and necrosis during a ligation model of focal ischemic cortical infarct peak at 1 day post-infarct, and are minimal by 5 days post-infarct, as shown by caspase 3 activation, and 8-Hydroxy-2-deoxy guanosine (8-OH-dG) and TUNEL staining [52] , which is consistent with the observation that 24 h after ischemia *80 % of neurons in the ischemic core in focal ischemia have apoptosed [53] . In the current study, the RFA is outside the lesion core and the penumbra, and therefore outside of the area of known apoptosis. Further, neuronal harvesting was conducted 7 days after the infarct, at a time when further cell death was minimal anywhere in the cortex. Therefore, neurons undergoing apoptosis would have already done so, and not been collected in the LCM process. In addition to the previously stated role for CREG1, CREG1 upregulation inhibits apoptosis of cultured vascular smooth muscle cells, and is inversely correlated with caspace-3 activation [54] . Apoptotic and anti-apoptotic related gene changes in the current study were relatively few, but those present may be enough to instigate apoptosis in surviving cortical neurons. The presence of both apoptotic and anti-apoptotic related genes may indicate different populations of interconnected neurons undergoing stages of apoptosis, versus neuroprotection, or still within the decision process of whether to enter apoptosis or not.
Axonal growth and guidance
Several genes were related to sprouting or axonal growth, but not included in the canonical IPA pathway of ''Axonal Guidance Signaling''. Decrease of MYC binding protein 2 (MycBp2, -1.69-fold change in the current study) was shown to increase axonal regeneration in adult C. elegans after axotomy [55] . CD44 molecule (Indian blood group) (Cd44, ?1.894-fold change in the current study) a celladhesion molecule involved in extracellular matrix changes can influence cell growth, survival and differentiation [56] . CD44 acts as a repulsive signal for retinal ganglionic cell axons entering the embryonic diencephalon that will become the optic chiasm and decreased neurite length of retinal neuron explants in vitro [57] . Its increase in the current experiment may play a role in decreasing axon length.
Novel significant genes: not previously reported with stroke
Genes not previously reported in ischemia, were also differentially expressed in the present study. While the novelty of these findings may be related to the specific time point chosen for analysis in this study, it may also reflect specific roles of interconnected neurons after injury. DENN/MADD domain containing 4C (Dennd4c, ?2.081 in the current study) is a guanine nucleotide exchange factor for RAB10. Activation of RAB10 by DENND4C leads to increased trafficking of glucose transporter, GLUT4 to the cell membrane in adipocyte cultures, and increase of glucose influx [47] . In situ hybridization has shown that Glut4 mRNA is localized to neurons within the rat motor cortex [58] .
Genes with presumably paradoxical expression
There were several genes that did not fit with expected expression patterns. It has been shown that 3 h of Artemin treatment on adult rat DRG neurons increases total neurite length and branching and synaptic vesicle clustering, and decreases neuronatin [59] . The increase in Neuronatin in the current study (Nnat, ?2.145-fold change) would seem to hinder neurite extension, and is contrary to expectations. Down-regulation of opioid receptor, kappa 1 in the current study (Oprk1, -1.76-fold change) also is paradoxical, in that agonism during ischemia has been shown to be neuroprotective [60] and knockdown or inhibition leads to less EGF-stimulated growth in cultured neurons [37] . A decrease in opioid receptor would seemingly increase neuronal death and decrease sprouting. It is possible this could be indicative of a balance between maintaining enough activity to induce and guide sprouting, and decreasing activity, so as not to induce excitotoxicity. GABA disinhibition and NMDA receptor increase is noted in areas interconnected to an infarct [61] . Growth associated protein of 43 kDa (Gap43) was not found to be differentially regulated in this experiment, even though it is found at this time point in neuronal sprouting studies in similar distances from the cortex, and is seen as a paradigmatic growth cone marker [9, 62] . This suggests that some or all of the collected neurons are not sprouting, or that they do sprout but do not employ Gap43 up-regulation. However, interconnected neurons could instead be serving as a kind of relay station, signaling and instigating reorganization in nearby neurons, instead of the interconnected neurons themselves sprouting. As size and type of lesion is also important during reorganization, this lesion may not be of a sufficient size or type to instigate sprouting [63, 64] .
Biological context revealed by IPA In the current study, IPA software was used to give broader biological implications beyond what would be concluded by the identification of single genes significantly regulated. Gene product functions, pathways, and interactions are based on the Ingenuity Knowledge Base, a curated database of literature findings. IPA is well accepted by the scientific community and a PubMed search reveals 473 articles involving the software, as well as 13 reviews, since the year 2005.
Select functions found to be overrepresented were ''Branching of Neurites'', ''Organization of Cytoskeleton'', ''Dendritic Growth and Branching'', ''Organization of Cytoplasm'', ''Guidance of Neurites'', ''Development of Cellular Protrusions'', ''Density of Dendritic Spines'', and ''Shape Change,'' which involved 50 genes. These functions involve morphological changes, and are consistent with collected neuron reorganization.
IPA identified significant genes (C1.3-fold change and p \ 0.05) that were overrepresented in several canonical pathways: ''Axonal Guidance Signaling'', ''Actin-based Motility by Rho'', and ''Actin Cytoskeleton Signaling'' pathways. IPA also identified the functional categories of cytoplasmic restructuring, and cytoskeletal reorganization. Genes changed within these pathways and functional categories are consistent with other studies of reorganization. These genetic changes show that 7 days after CFA infarct, RFA neurons activate gene expression conducive to sprouting and reorganization. This suggests axonal sprouting is part of the response to ischemic infarct in axons connected to an infarct.
Those genes in the ''Axonal Guidance Signaling'' pathway of C1.5-fold changed and p value \0.05 are further discussed below. They were also reanalyzed to determine interactions beyond the canonical pathway. Interactions were found that are different than those in the canonical pathway, and these interactions may be important in this model. Relevance for the most regulated genes of the ''Axonal Guidance Signaling'' pathway
Sema4B
Semaphorins were originally characterized as negative guidance cues of axonal growth cones, are both soluble and membrane bound ligands, and can act as receptors themselves. They have both long and short range effects on cellular morphology of various cell types [65] . As such, Semaphorins are repulsive signaling proteins involved in axonal guidance and dendritic structure. Semaphorin 4b (Sema4b, ?1.54-fold change in the current study), primarily localized to Bergman glia and astrocytes in postnatal mice, may be important in granule cell migration and proper formation of the cerebellum [40] . By knocking down Sema4b and staining for synapsin 1 and PSD-95 in in vitro cultures of E18 hippocampal neurons, Paradis et al. [66] found Sema4b was necessary for gluatamatergic synapse formation. RNA in situ hybridization experiments detected Sema4B in neurons (with low level signal in chondrocytes) from E14-E19 Sprague-Dawley rats, absent in adults and increased in olfactory epithelium neurons 2 weeks after olfactory bulbectomy. The authors suggested Sema4b's presence in the adult bulbectomy model instigated a growth pause in regenerating axons, because the axons lacked the target of the bulb [67] .
Tubb2c
Microtubules are cytoskeletal proteins involved in diverse processes from signaling to mitosis, and are formed from heterodimers of alpha and beta-tubulin. Beta-tubulin 2c (Tubb2c, ?2.00-fold change in the current study), one of several isoforms identified, is ubiquitous in human tissues [68] . Lewis et al. [43] showed neurite outgrowth from neurons whose cell bodies reside in the inner nuclear layer after retinal detachment in adult cats. The inner nuclear layer was later shown to have an increase in TUBB2C protein 7 days after retinal detachment in rabbits [44] . TUBB2C increases in the same layer and time frame after detachment, which points to its possible role in sprouting.
Bmp1
Bone morphogenetic protein 1 (Bmp1, ?1.46-fold change in the current study) is the prototype of a highly conserved family of metalloproteinase involved in dorso-ventral patterning in the vertebrate embryo by BMP2 and 4 activation [41] . Originally thought to activate the other BMP's with which it co-purified, it was later found to have procollagen C-proteinase activity. Its role in development may come from formation of extracellular matrix and activity of growth factors [69] . Also, mRNA of the Aplysia homolog to Bmp1 (Aplysia tolloid/BMP-1-like protein, apTBL-1) was increased after long-term training in Aplysia and was suggested to play a role in synaptic plasticity between sensory and motor neurons [70] .
Bmp4
Bone morphogenetic protein 4 (Bmp4, ?1.51-fold change in the current study) is part of the transforming growth factor beta (TGF-b) superfamily localized to the extracellular space. BMP2 and BMP4-7 are involved in dorsal patterning in the embryo, while sonic hedgehog (SHH) is responsible for the ventral. Intracisternal injection of BMP7, which activates similar receptors as BMP4 [42] , increased behavioral recovery in rats after MCAO, without decreasing the lesion size [71] , and it was suggested that the behavioral improvements were related to the BMP7s known instigation of dendrite growth and development [72] . BMP4 is also present during neural tube closing and is suggested to have autocrine or paracrine activity during development [42] . Adeno-associated virus encoding Bmp4 intrathecally injected into the dorsal root ganglia, increased the ability of severed axons to regenerate after spinal cord injury (complete dorsal column transection) in adult mice. There was increased regeneration, even if AAV-Bmp4 was injected 15 min after transection [73] .
Gng11
Guanine nucleotide binding protein (G protein) gamma 11 (Gng11, ?1.81-fold change in the current study) a membrane bound G-protein subunit that can translocate to the Golgi apparatus and alter its structure, which may have a role in increasing cell senescence. This translocation is hindered by shRNA [74] . Gng11 down-regulation by antisense cDNA increased longevity of human fibroblasts and oxidative stress induced its transcription. Over expression leads to activation of ERK1/2 but not RAS [45] . GNG11 was not found in normal retina or brain tissue [75] . The gamma11 subunit has differential A1 adenosine receptor, M1 muscarinic receptor and phospholipase C-beta activation depending on beta subunit parings [76] . Gamma11 was not found in rat brain by immunoblot but expression was abundant in blood cells and may explain its presence at 7 days [77] .
Summary
In summary, stroke induces a unique set of gene expression patterns in spared interconnected corticocortical neurons 7 days after ischemic infarct. The gene expression patterns display up-and down-regulation associated with nervous system development, apoptosis, and axonal growth. Several have not been reported previously in ischemia models. Canonical pathways and interaction networks developed with IPA suggest gene product interactions. Though RFA neurons display some aspects of reorganization, they may serve to instigate other cortical neurons to reorganize, or simply survive. Future experiments will be necessary to further investigate the purpose of this unique genetic program.
